For nearly a century, it has been known that dietary triglyceride is hydrolyzed in the small intestinal lumen by pancreatic lipase. Early workers had shown the presence of fatty acid (believed to be largely present as paraffin chain soap) in intestinal content after the ingestion of fat. At the turn of the century, the field of fat absorption was dominated by Pfliiger, who staunchly defended the view that fat was largely hydrolyzed to fatty acid and that absorption could only be in the form of fatty acid and paraffin chain soap (3) . The observation that paraffin chain soap was insoluble at the rather acid pH of intestinal content was disturbing, but seemed of little importance after Verzar and McDougall demonstrated the considerable solubility of fatty acids in bile salt solutions at a pH corresponding to that present in intestinal content (4) . In 1935, however, Artom and Reale (5) demonstrated that monoglycerides and diglycerides could be isolated after triglyceride was hydrolyzed by pancreatic lipase in vitro. Their presence in intestinal content was established by Frazer and Sammons in 1945 (6) .
Frazer, Schulman, and Stewart (7) subsequently noted that triolein forms a stable emulsion in an aqueous mixture of bile salt, fatty acid, * Submitted for publication July 30, 1963 ; accepted October 17, 1963. This study was supported by the National Foundation (U. S. A.), the National Heart Institute, grant and monoglyceride. Frazer (8) has since presented numerous experiments supporting the view that lipid is absorbed, at least in part, as a triglyceride emulsion. However, the delineation of the fine anatomical structure of the brush border of the intestinal epithelial cell by the electron microscope (9, 10) and progress in the understanding of pancreatic lipolysis (1) have necessitated a reconsideration of the physicochemical form in which lipid passes into the mucosal cell from the intestinal lumen.
In 1897, in an elegant and seldom cited paper, Moore and Rockwood (11) reported that active fat absorption could be observed from a loop of intestine whose contents did not appear to be emulsion. These workers also demonstrated that bile salt solutions could dissolve large amounts of fatty acids, and they were quite puzzled by this phenomenon. It is now recognized that the ability of bile salt solutions to dissolve lipids is merely a reflection of their detergent properties (12) (13) (14) . Above a critical concentration, bile salt molecules aggregate to form micelles; such micellar aggregation is a characteristic of all detergents (15) (16) (17) . All micellar solutions dissolve water insoluble materials to some extent, as the inside of the micelle can be considered as a separate, nonaqueous phase with distinctive solvent properties (18) .
Fatty acids and monoglycerides possess a remarkable solubility in bile salt solutions (14, 19) . We have recently presented preliminary evidence for these lipids being present in micellar solution during fat digestion and absorption (1, 2) . We now describe experiments in detail in which we have collected human intestinal content during fat digestion and absorption and have separated it by ultracentrifugation at 370 C into an infranatant micellar phase and a supernatant oil phase. 247
The lipids of each of these phases have been quantified. The results support the conception that a micellar phase containing bile salt, fatty acid, and monoglyceride is present during fat digestion and absorption and that lipid is absorbed from such a micellar solution.
Methods
Healthy male or female medical students, 19 to 30 years, were intubated with polyvinyl tubing, as described by Blankenhorn, Hirsch, and Ahrens (20) , on the evening preceding the experiment. They were directed to take only water by mouth. The following morning, when the tubing had passed at least as far as the duodenum, they were fed a test meal containing lipid in the form of corn oil. The composition of the formula meal, which contained about 550 kcal and weighed 400 g, has been described by Dahlqvist and Borgstrom (21) . On one occasion, a subject ate a meal of broiled chicken, rice, custard, and milk, instead of the test meal.
Intestinal content was collected by siphonage. It was heated instantaneously to 70°C and kept at 700 C for 10 minutes to inactivate pancreatic lipase. A battery of small Erlenmeyer flasks was used. Contents were collected for an interval of 1 minute while the flask was swirled rapidly by hand in a 70°C water bath; the flask was then incubated in the water bath for an additional 9 minutes. The tip of the tubing was placed into a new flask each minute. After a flask had been kept at 70°C for 10 minutes, it was poured into a large flask kept at room temperature. Samples were generally pooled at each half hour, each pooled collection containing 30 1-minute collections. The collection of intestinal content from the subject was continued until the flow became negligible or the lipid content of the fluid was negligible as judged by thin-layer chromatography (22) . This was 2 to 3 hours after the feeding of the meal. The pooled half-hour collections were taken to a 370 C constant temperature room, where a Spinco ultracentrifuge rotor and tubes had been equilibrated at 37°C.
The samples were centrifuged overnight (usually 18 hours) in a Spinco model L preparative ultracentrifuge at 100,000 X g. The refrigeration of the rotor housing was not used during the run, and the rotor and contents remained at 36 to 400 C during the run, as judged from the temperature of a tube of water spun at the same time.
The tubes were removed from the rotor without agitation. A transparent nonopalescent, brown-yellow or green-brown solution was present in the upper half of the tube in nearly all of the samples. Below this, the solution became turbid from suspended particles. On the bottom was a thick pellet. Oil droplets were present at the surface in most samples. In occasional samples collected during early digestion, the oil phase was much greater in volume and was present as a separate, oily layer, composing up to 5% by volume.
A needle was inserted through the wall of the tube, and a sample of the transparent, micellar solution, termed micellar phase, was aspirated with a syringe and transferred to a graduated, glass-stoppered tube. When possible, the tube closure was then removed carefully, and 5 or 10 A.l was aspirated from the oil droplets present on the surface. This sample was termed the oil phase.
Generally, samples were run in duplicate or triplicate. A second tube of the same collection was shaken vigorously and then 4 to 5 ml was aspirated with a needle as described. The lipid of these samples was termed total as it contained both micellar phase lipid and oil phase lipid, the oil phase being emulsified throughout the solution during the vigorous shaking procedure. The large volumes of intestinal content collected made possible duplicate analyses of both micellar and total phases.
The volumes of the samples of the micellar and total phases were recorded, and the lipid was extracted using a liquid to liquid extraction system developed by Blankenhorn and Ahrens (23) (24) , including glycochenodeoxycholic acid, if the lower phase is not acidified, and the extraction procedure is carried out promptly.
The oil phase was pipetted directly into chloroform: methanol (2: 1, by volume).
The pooled extracts of the miceflar and total phases, as well as the chloroform phases of the oil methanol solutions, were blown to dryness with a nitrogen stream and dissolved in petroleum ether. After drying with sodium sulfate, the petroleum ether solution was filtered and evaporated using a water-line vacuum. The residue was dried in a desiccator for 24 hours. The lipids were determined gravimetrically to give total lipid in milligrams per milliliter of intestinal content. The weighed sample was dissolved in petroleum ether to a known volume. A sample was blown down under a nitrogen stream, dissolved in absolute ethanol, and titrated with 0.02 N methanolic KOH, with bromthymol blue as indicator. Another sample was applied to a silicic acid column.' Triglycerides were eluted with 5%o ethyl ether in heptane; diglycerides with 20% ethyl ether in heptane; and monoglycerides with ethyl ether. The fractions were examined qualitatively for purity by thinlayer chromatography. Ester bond determinations were performed by the ferric chloride and hydroxymate method of Rapport and Alonzo (25) . Standard curves were run with each determination.
1-and 2-monoglyceride analyses were performed on other samples of intestinal content by periodate oxidation (26) before and after perchloric acid-induced 'Unisil, Clarkson Chemical Co., Williamsport, Pa. isomerization (27) . Heat inactivation was not performed, and extraction was carried out as described within 3 minutes of collection. The pooled diethyl ether and heptane phases were evaporated with vacuum from round-bottomed flasks without warming, and the residue was stored in a desiccator at + 50 C for not more than 24 hours before analysis. Control experiments with 2-monopalmitin and 2-monoolein had shown that such an extraction procedure caused no detectable isomerization.
Thin-layer chromatography was performed on microscope slides (28) or 20-X 20-cm plates using diethyl ether and petroleum ether combinations as solvent systems on plates of Silica Gel G.2 Examination of fresh intestinal content for 2-monoglyceride content was carried out using hydroxyapatite as adsorbent (29) . Extraction procedures were tested by solvent systems previously developed for bile acids (30) and phospholipids (28) .
Preliminary experiments had shown that if fresh intestinal content is kept either at room temperature or at 50 C, lipolysis continues. Pancreatic lipase activity was measured on a triolein substrate as described by Borgstr6m (31) ; heating intestinal content to 600 C for 10 minutes completely abolished lipase activity in agreement with the older observations of Terroine (32) . Therefore, the heat inactivation procedure (10 minutes at 700 C) was employed as described.
Control experiments showed that such heat inactivation or subsequent maintenance at 70°C for 1 hour did not alter the glyceride or fatty acid composition of intestinal content. A heat inactivated sample kept at 370 C for 40 hours showed a 10% loss in monoglyceride content, but no significant change in diglyceride or triglyceride content. Another sample of intestinal content was divided into three portions: the first was extracted immediately; the second was heated to 700 C rapidly and held at that temperature for 10 minutes; and the third, after heat inactivation, was kept at 370 C for 15 hours before extraction. Thin-layer chromatography of the three samples showed no apparent difference in fatty acid or glyceride composition. The bile acids of all three samples were entirely present as conjugates. Although it is possible that lipolysis continued at a slow rate during the lengthy ultracentrifugation procedure, such a minor degree of lipolysis should have little influence on the analytical results, as all samples of a given collection were treated identically.
The results are expressed as milligrams of monoglyceride, diglyceride, triglyceride, and fatty acid per milliliter of intestinal content. In Table I , molar percentages are shown, but in the figures, percentages by weight are used for convenience. As phospholipid and cholesterol analyses were not performed, the percentages by weight do not take into account all of the lipid species present in intestinal content; however, the majority of lipid present after the feeding of such a formula meal is fatty acid and glyceride (22, 33) . The sum of the 2E. Merck, A. G., Darmstadt, Germany.
determined values for glyceride and fatty acid was 70 to 110%o of the total lipid determined gravimetrically, the difference representing phospholipid, free and esterified cholesterol, and analytical error. In some of the samples, the sum of the values for glyceride and fatty acid was greater than 100%. The reason for this apparent analytical error is unknown, but appears to be due to incorrect titration values. Only two samples of the oil phase were analyzed completely, although others were examined chromatographically. Since the lipid of the total phase is the sum of micellar and oil phase lipid, it was possible to calculate the approximate composition of the oil phase by subtraction, in those samples in which both total and micellar phases were analyzed.
Results
The time and site of the collections with complete analyses are shown in Table I . The concentration of micellar lipid ranges from 2 to 7 mg per ml. As the oil phase contained little or no water, its lipid concentration should be about 920 mg per ml (the specific gravities of fatty acid, mono-, di-, and triglycerides are between 0.91 and 0.94). The lipid concentration of the samples termed "total," in which the lipid comprises both that of the oil and micellar phases, ranged from 12 to 35 mg per ml. The oil phase was a very small fraction of intestinal content when considered with respect to volume in these collections. The majority of lipid present was fatty acid, especially when the molar composition of the samples is considered.
The samples collected during different intervals showed no systematic differences in composition in accordance with the view that the ingested meal is stored in the stomach and released continually in small portions that undergo digestion independently as they pass down the intestinal tract (34) . The analytical values in Table I were obtained on samples collected over time periods of at least 30 minutes. Therefore, the aspirated intestinal content represented samples of a number of portions of the meal, which might vary widely in the extent to which digestion has progressed. Occasionally, samples of intestinal content were collected that were quite clear and contained little lipid (usually 1 to 2 mg per ml). The lipid of such samples was almost exclusively fatty acid and cholesterol, as determined by thinlayer chromatography of a lipid extract. An oil phase was not present. Such samples apparently 249 ;ented a bolus of intestinal content that had from collections 22 and 23 represent analyses that ompletely digested and from which extensive were done on the isolated micellar and oil phases. ption had already taken place.
In the remaining four, the micellar and total Figure 1 , the analyses in percentage com-phases were analyzed, and the composition of the )n by weight of the micellar and oil phases oil phase obtained by difference. As in Figure 1 
Discussion
The data indicate clearly that after prolonged ultracentrifugation the lipids of intestinal content occur in two separate phases and that these phases differ significantly in their lipid composition. Whether the separation of intestinal content into these two phases is an artifact resulting from the isolation procedure must be considered.
Preliminary experiments showed that an essentially clear infranatant oil phase could be obtained with much briefer periods of centrifugation, e.g., 2 hours. Borgstrdm (33) has also shown that the lipid composition of a clear infranatant oil phase obtained on centrifuging human intestinal content was identical if the sample was spun at 10,000 x g for 20 minutes or 144,000 x 9 for 45 minutes; his experiments differed from these in that the centrifugation was performed at 0°C. Dowse, Saunders, and Schofield (38) had previously reported that intestinal content could be separated by centrifugation at 1,000 X g for 15 minutes into an upper oily layer and a "lower watery layer containing highly emulsified lipid." An overnight centrifugation period was used in these experiments as we sought to obtain a water-clear infranatant phase to be certain that a solution could be obtained that did not scatter visible light.
Studies on model systems have demonstrated that the critical micellar concentration of bile salt solutions is well below the observed concentration of bile salt in intestinal content during fat digestion and absorption (14) and that fatty acid and monoglyceride dissolve readily in micellar bile salt solution under experimental conditions simulating those present in the small intestinal lumen. When the concentration of fatty acid or monoglyceride in such a model system exceeds its respective micellar solubility in a bile salt solution, the excess appears to be emulsified. This turbid system is actually a dispersion of liquid crystalline aggregates containing bile salt and water and the excess fatty acid or monoglyceride (14) . Therefore, if only bile salt fatty acid and monoglyceride were present in intestinal content, a micellar solution should occur, if there were no other molecular species to make the system behave differently In other studies in the model system, the solubility of diglyceride and triglyceride in bile salt solution was found, by contrast, to be extremely low (1). An excess separated as an emulsion, but the emulsion contained undissolved diglyceride or triglyceride and did not contain bile salt or water (1) . If moderate concentrations of diglyceride and triglyceride were present in intestinal content, these lipids should exist in the form of typical emulsion droplets. The size of the emulsion particle and the stability of such an emulsion would be influenced by many factors, especially the concentration and type of emulsifier present and the nature of the layer present at the oil-water interface.
Therefore, two possibilities seem most worthy of consideration. Either all of the lipids present in intestinal content are present as emulsified droplets and the liquid phase between the droplets is ionic and nonmicellar, or an emulsified oil phase coexists with a micellar phase.
If all of the intestinal lipids and the bile salts were present as a stable emulsion, then a brief centrifugation would remove all the lipids including the bile salts from the infranatant phase. It can easily be demonstrated that this does not occur.
All of the lipid and the bile salt of intestinal content might be present in a very unstable emulsion. In this case, a brief centrifugation should result in the coalescence of the droplets with the formation of an oil phase above, and bile salts and possibly other emulsifying lipids in the infranatant phase. Indeed, such results were obtained in the experiments reported here.
In general, however, when an oil is emulsified in a detergent solution well above its critical micellar concentration, only a fraction of the detergent anions present accumulates at the oil and water interface, if the volume of the oil phase (and accordingly the interface) is relatively small (39) . The negligible volume of the oil phase in intestinal content has already been noted. Moreover, inspection of intestinal content by ordinary illumination as well as dark field microscopy indicates that emulsification is quite incomplete (38) . It would seem therefore that the interfacial area should be small relative to the concentration of surface active materials present in intestinal content-lecithin, lysolecithin (40, 41) , bile salts, unionized fatty acid, fatty acid anions, monoglycerides, and proteins, among others. It seems likely that the fraction of bile salt anions present at the oil and water interface is small and that the concentration of bile salt anions in solution will be well above the critical micellar concentration of the system. Bile salts would therefore be in micellar aggregration despite the coexistence of an emulsified lipid phase.
The presence of fatty acid and monoglyceride in the micellar phase is evidence for the great affinity of the bile salt micelle for these polar lipids. The bile salt micelle has distinctive solvent properties toward such compounds (14, 42) . The fatty acids and monoglycerides can be considered conceptually to be partitioned between a micellar and an oil phase (18, 43) . It is possible to measure the partition coefficient of monoolein between triolein and micellar bile salt solution. For a solution of sodium taurodeoxycholate at 4 mM, the partition coefficient of 1-monoolein is about 30 expressed as (monoolein concentration per milliliter triglyceride)/(monoolein concentration per milliliter bile salt solution) (42) . Since the monoolein is insoluble in water, it is more correct to calculate the partition coefficient between triolein and the micellar fraction of the bile salt solution, the interior of the micelle being considered as a pseudophase. The micellar fraction cannot be expressed in volume units, but a partition coefficient may be defined as (,umole monoglyceride/,umole triolein)/(,umole monoglyceride/ ,mole micellar bile salt). The much lower value of 0.1 is obtained, consistent with the high affinity of bile salt solution for monoglyceride.
The concentration of diglyceride and triglyceride in the micellar phase is higher in most samples than would have been predicted from the very low solubility of diglyceride and triglyceride in bile salt solution. Monoglyceride solubilization enhances diglyceride solubilization (42), however, and might also enhance triglyceride solubilization.
FAT DIGESTION IN MAN
Moreover, the bile salt micelle in intestinal content, in addition to fatty acid and monoglyceride, also contains cholesterol and lysolecithin. There is no information available on the solubility of diglyceride and triglyceride in such a complex, mixed micelle.
The data of the analyses of the "total" phase are in satisfactory agreement with others reported for human intestinal content by Blankenhorn and Ahrens (23), Ahrens and Borgstrbm (44) , and Borgstrdm, Tryding, and West66 (45) considering the sampling problem. Interpretation of such data is hazardous, for the system is an open one with a constant addition and removal of a lipid mixture of unknown composition. Nevertheless, some conclusions seem possible.
It is generally held that the dominant chemical sequence of intraluminal lipolysis is: triglyceride -> 1,2 diglyceride + fatty acid -* 2-monoglyceride + fatty acid. If it is assumed that no monoglyceride whatsoever is hydrolyzed, then for each monoglyceride molecule, there must be two fatty acid molecules and for each diglyceride molecule, one molecule of fatty acid. Therefore, in molar percentages: %o diglyceride + 2 (%o monoglyceride) = %o fatty acid. It has been established that each of the steps in the above scheme of lipolysis is reversible (44, 46) . Therefore, in a closed system where lipid was neither added nor removed, the concentration of each of these four lipid species would be determined by the net rate constants of these reversible equations. However, irrespective of the concentration of any of the partial glycerides, the equation indicated must always hold. The system can be altered to an open system more closely resembling the physiological state by postulating the removal, i.e., absorption, of fatty acids, partial glycerides, or both. The continuous addition of triglyceride to the system will not influence the equation.
If the recent analytical values published for human intestinal content (23, 44, 45) , and those of Knoebel and Ryan (47) obtained on canine intestinal content, are calculated in molar percentages, a molar excess of fatty acid is found in each case with a mean of 38% (range, 5 to 57%). This molar excess of fatty acid which we observed also (Table I ) means that 1) there is an additional source of fatty acid, other than from triglyceride or diglyceride, or 2) the rate of absorption of diglyceride, monoglyceride, or fatty acid makes the equation unbalanced, its left side being smaller than the right, or 3) both possibilities may be true. There is experimental evidence for both.
It is well established that some complete hydrolysis of ingested triglyceride occurs, resulting in the liberation of three fatty acids and glycerol (48) . This step is irreversible in that glycerol from ingested triglyceride is not reacylated in the lumen (49, 50) . Incubation of triglyceride with high concentrations of pancreatic lipase in vitro results in complete digestion of triglyceride to fatty acid and glycerol (51, 52) . Our analyses suggest that some 1-monoglyceride may be present in intestinal content, and it is well established that ingested 1-monoglyceride is hydrolyzed in vivo in man (53) and in vitro (54) to fatty acid and glycerol. The most probable source of the 1-monoolein present in intestinal content is from the isomerization of the 2-isomer. In addition to 1-monoolein, biliary lecithin is an additional source of fatty acid; it is cleaved to lysolecithin and fatty acid by a pancreatic lecithinase (40, 41) .
There is only indirect evidence for the second possibility. For a balanced equation, on a molar basis, fatty acid must be absorbed at a rate twice that of monoglyceride absorption. However, recent perfusion experiments in man have suggested that monoglyceride may be absorbed as rapidly or more rapidly than fatty acid from a micellar solution (24) . Similar rates of absorption of fatty acid and monoglyceride would lead to a relative molar excess of fatty acid. It was noted above that specimens were obtained that appeared to have undergone complete digestion and extensive absorption; such samples contained fatty acid and cholesterol, but no monoglyceride. The much lower concentration of diglyceride in the micellar phase ought to mean that diglyceride was absorbed less rapidly than fatty acid, an effect which would offset the consequences of identical rates of absorption of fatty acid and monoglyceride.
Freshly extracted human intestinal content, when examined by thin-layer chromatography, may contain monoglyceride entirely in the 2-isomer form (29) . Even tion of the size of the fraction of monoglyceride present as the 1-and 2-isomer is impossible, as nothing is known of the relative absorption rate of the two isomers or the extent to which the 1-isomer is hydrolyzed in the presence of an oil phase containing diglyceride and triglyceride. The data thus show the existence of a micellar phase, the lipids of which-fatty acids and monoglycerides-correspond to the chemical form in which lipid has been thought for some time to be absorbed (55) . Recent electron microscopic studies (56, 57) of fat absorption have noted the virtual absence of particulate lipid passing into the microvilli, despite evidence from the appearance of lipid droplets in the lumen and the cell that fat absorption was proceeding actively. Such experimental findings have been interpreted as indicating that lipid is absorbed in an aggregate the size of which is beyond the resolution of the electron microscope, an interpretation in complete agreement with our view that lipid is normally absorbed from a micellar solution. Pinocytosis of fat droplets at the membrane of the microvilli of the intestinal mucosal cell has been observed (58) , but its quantitative significance is unclear.
Although it is clear that ingested triglyceride is surely emulsified to some extent before lipolysis, our view is that emulsification is a preliminary step to micellar solubilization and that emulsion droplets are not absorbed as such. It has been shown that the human intestine readily absorbs fatty acid and monoglyceride when perfused with a micellar solution of these lipids (24) . Micellar fatty acid and monoglyceride are absorbed and acylated to triglyceride by everted hamster gut sacs or intestinal slices (59) .
The data speak for the absorption of lipid chiefly in the form of fatty acid and 2-monoglyceride from a micellar solution. Smaller amounts of 1-monoglyceride and still smaller amounts of diglyceride and triglyceride may also be absorbed. The mechanism by which micellar lipid passes into the cell is unknown. Net bile salt absorption occurs in the distal small intestine (24) , and the amount of bile salt excreted during a meal is too little to solubilize all of the monoglyceride and fatty acid derived from dietary triglyceride. Therefore, the bile salt micelle probably serves a transport function, dissolving the lipid and thus aiding its movement up to the cell. Summary After the feeding of a test meal containing corn oil, human small intestinal content was collected by intubation and heated for 10 minutes at 700 C to inactivate pancreatic lipase. The intestinal content was then centrifuged for 18 hours at 100,000 X g at 37 to 400 C and thus separated into a transparent, aqueous, micellar phase and a supernatant oil phase. The fatty acid and glyceride content of each phase was determined by titration and silicic acid chromatography.
The lipids of the lower, micellar phase were chiefly fatty acid and monoglyceride with smaller amounts of diglyceride and triglyceride. The lipids of the micellar phase differed from those of the oil phase in containing significantly more fatty acid and significantly less diglyceride and triglyceride.
Thin-layer chromatography showed the diglyceride to be largely 1,2 isomer. Five specimens of intestinal content were analyzed for 1-and 2-monoglyceride content by periodate titration; twothirds of the monoglyceride was present as the 2-isomer, on an average.
The results are consistent with the hypotheses that intestinal lipid, during fat digestion, is selectively partitioned between a micellar and an oil phase and that absorption of dietary lipid takes place from a micellar solution containing chiefly fatty acid and 2-monoglyceride.
